Muscle contraction and relaxation is regulated by transient elevations of myoplasmic Ca 2؉ . Ca 2؉ is released from stores in the lumen of the sarco(endo)plasmic reticulum (SER) to initiate formation of the Ca 2؉ transient by activation of a class of Ca 2؉ release channels referred to as ryanodine receptors (RyRs) and is pumped back into the SER lumen by Ca 2؉ -ATPases (SERCAs) to terminate the Ca 2؉ transient. Mutations in the type 1 ryanodine receptor gene, RYR1, are associated with 2 skeletal muscle disorders, malignant hyperthermia (MH), and central core disease (CCD). The evaluation of proposed mechanisms by which RyR1 mutations cause MH and CCD is hindered by the lack of high-resolution structural information. Here, we report the crystal structure of the N-terminal 210 residues of RyR1 (RyR NTD) at 2.5 Å. The RyR NTD structure is similar to that of the suppressor domain of type 1 inositol 1,4,5-trisphosphate receptor (IP 3Rsup), but lacks most of the long helix-turn-helix segment of the ''arm'' domain in IP 3Rsup. The N-terminal ␤-trefoil fold, found in both RyR and IP3R, is likely to play a critical role in regulatory mechanisms in this channel family. A disease-associated mutation ''hot spot'' loop was identified between strands 8 and 9 in a highly basic region of RyR1. Biophysical studies showed that 3 MH-associated mutations (C36R, R164C, and R178C) do not adversely affect the global stability or fold of RyR NTD, supporting previously described mechanisms whereby mutations perturb protein-protein interactions.
I
n skeletal muscle cells, the release of Ca 2ϩ into the cytosol from stores in the sarcoplasmic reticulum (SR) couples surface membrane depolarization to sarcomere shortening, in a process known as excitation-contraction (E-C) coupling (1) . Membrane depolarization is sensed by Cav1.1, the ␣1-subunit of the sarcolemmal Ca 2ϩ channel, causing it to undergo voltage-induced conformational changes that activate the SR Ca 2ϩ release channel, the ryanodine receptor (RyR1). Cardiomyocytes, in contrast, use a change in intracellular Ca 2ϩ concentration [Ca 2ϩ ] i as the primary trigger for RyR-mediated release of Ca 2ϩ from the SR (2) . This process is often referred to as calcium-induced calcium release (CICR).
Three isoforms of RyR have been characterized: RyR1, associated with skeletal muscle; RyR2, associated with cardiac muscle; and RyR3, which is expressed more ubiquitously (2) . RyRs are the largest known ion channels, each composed of 4 identical subunits that contain Ϸ5,000 residues depending on the isoform (3) . Each subunit consists of a cytoplasmic region that accounts for at least 4,300 of the 5,000 amino acids in the protein and a transmembrane (TM) domain that consists of at least 6 and possibly 8 TM helices (4) . The cytoplasmic domain contains regions involved in protein-protein interactions involved in E-C coupling, binding of activating ligands and interdomain interactions that, together, decode these signals and relay them to the Ca 2ϩ pore region located within the TM domain (5) . Several human diseases arise from mutations in RyR1 and RyR2 (6, 7) . Most RyR1 mutations are clustered in 3 distinct regions: cytosolic N-terminal (1-614); cytosolic central (2,117-2,458); and C-terminal membrane (4, 973 ) (8) , although these boundaries are becoming more diffuse as more causal mutations are reported. RyR mutants fall into 3 classes: leaky mutants with increased sensitivity to Ca 2ϩ release channel activators (9) ; E-C uncoupled mutants with partial or complete loss of Ca 2ϩ release activity in the presence of a normal SR Ca 2ϩ store (10); and mutants that have a lowered threshold for store overloadinduced Ca 2ϩ release (SOICR) (11) . Although much is known about the influence of these disease mutations on function, little is known about their effects on RyR structure.
RyRs are responsible for the release of Ca 2ϩ from intracellular stores within excitable cells, whereas inositol 1,4,5-trisphosphate receptors (IP 3 Rs) assume this role in nonexcitable cells. RyR1 and IP 3 R1 are members of a superfamily of tetrameric Ca 2ϩ release channels that share the same basic architecture and have a bell-shaped Ca 2ϩ dependence with respect to CICR. In previous work, Bosanac et al. (10, 11) determined the crystal structures of 2 contiguous N-terminal domains of IP 3 R1: IP 3 Rsup (1-223) and IP 3 R-core (224 -604), yet no highresolution structure was available for any part of RyR. Nevertheless, bioinformatic analysis predicted 4 conserved repeats in the N terminus of both RyR1 and IP 3 R1 (residues 1-600), designated Mannosyltransferase, IP 3 R, and RyR (MIR) motifs (9) . Here, we present the crystal structure of an N-terminal domain (1-210) of rabbit RyR1 (RyR NTD ), which contains the first 2 MIR motifs (residues 112-166 and 152-203), as described. This sequence contains 11 disease-associated mutations. In our crystal structure, we show that these mutations form a cluster that we call the hot spot loop (HS-loop). Selected mutations within or near the HS-loop were investigated for their effects on structural stability and fold. The conservation that we have noted between RyR1 and IP 3 Rsup provides evidence for the importance of this N-terminal region in channel function. The present study not only reveals a high-resolution structure of RyR, but also sheds light on the structure-function relationship between RyRs and IP 3 Rs. 
Results
Structure in Crystal and Solution. We crystallized RyR NTD and solved its structure by using IP 3 Rsup (1XZZ) as a search model for molecular replacement. Our structure (Fig. 1A, Fig. S1 , and Table S1 ) reveals not only that RyR NTD contains MIR domains, but that it adopts a ␤-trefoil structure similar to that observed in IP 3 Rsup. This fold, which is found among proteins with distinctly different functions, consists of 3 trefoils coming together to form a barrel and cap (12) . Each trefoil consists of 4 ␤-strands: 2 for the cap and 2 for the barrel (Fig. 1 A) . In addition, our structure contains a short protrusion between ␤4 and ␤5, which we call the arm domain, in keeping with the nomenclature for the corresponding structure of IP 3 Rsup. Several sequences were not built into our model because of poorly defined electron density, including a region (V86 to G97) predicted to form a second helix (␣3) in the arm domain.
Nuclear magnetic resonance (NMR) experiments were carried out to probe the structure of RyR NTD in solution. A construct consisting of RyR1 10-210 (RyR 10 -210 ) was used to assign the protein backbone of this region ( Fig. S2 A and B) . RyR 10 -210 was used because of its reduced spectral overlap compared with RyR NTD . A suite of transverse relaxation-optimized spectroscopy (TROSY)-based 3D experiments were used to achieve approximately 86% assignment of the protein backbone in the 1 H-15 N TROSY-heteronuclear single-quantum coherence (TROSY-HSQC) spectrum of RyR 10 -210 . A chemical shift index (CSI) generated from the NMR chemical shift data are in excellent agreement with the location and number of secondary structure elements determined from the crystal structure (Fig.  S2C) . The presence of a second helix in the arm domain of RyR NTD was not supported by the NMR data. First, CSI values of residues residing in the proposed helix agree more with an unstructured region and, second, peak intensities from the HSQC spectrum of these residues are 2-fold larger than the average for the entire structure, suggesting that they reside in an unstructured region (Fig. S2D ). However, because our structure is in isolation from the rest of the receptor, it is also possible that this unstructured region may be folded when present in the intact receptor.
Structural Comparison of RyRNTD and IP3Rsup. The primary sequence identity between RyR NTD and IP 3 Rsup is relatively low (30%). However, the backbone conformation of RyR NTD superimposes very well with IP 3 Rsup ( Fig. 2A) , with rmsd of 1.34 Å. The topology diagrams of RyR NTD and IP 3 Rsup (Fig. 2B ) illustrate the structural similarity of their ␤-trefoil fold, as well as their 3-fold symmetry. Key residues residing in ␤-strands making up the barrel are conserved in RyR NTD (Fig. 1B) . Remarkably, these residues stack into discernible layers in the barrel, with similar orientations to those seen in IP 3 Rsup (Fig. 2C) , providing an extensive hydrophobic core for the structure. However, this high similarity ends abruptly at the beginning of the unconventional helical segment found in the arm domain. In RyR NTD , this domain measures Ϸ23 Å in length and consists of a short ␣-helix (␣2) and a coil region, whereas in IP 3 Rsup it measures 45 Å in length and is made up of a short (␣2) and a long (␣3) helix. Another striking difference between RyR NTD and IP 3 Rsup is evident when comparing surface charge representations of the 2 structures (Fig. 2D) . RyR NTD contains a large patch of positive charge at the top of the ␤-trefoil structure, which coincides with the location of many disease-associated mutations in RyR1.
MH-and CCD-Associated Mutations. In MH and CCD patients, 30 mutations have been identified thus far that lie within the first 614 amino acids of RyR1. Of these, 11 map onto the structure of RyR NTD (Fig. 3A) and 6 are located on the loop between ␤8 and ␤9 (Q156, R157, E161, R164, G166, D167), also known as the HS-loop (Figs. 1 A and 3B) .
To examine structural influences of RyR NTD mutations, we chose 3 MH-associated mutations: C35R, R163C, and R177C in human or C36R, R164C, and R178C in the rabbit sequence that we have used for structure determination. R164 is present in the HS-loop, whereas C36 and R178 are found within the ␤-strands that form part of the ''cap'' of the ␤-trefoil. Circular dichroism and chemical denaturation experiments showed no appreciable effect on structural stability and integrity due to the point mutations (Fig. S3) . These data were consistent with NMR studies using 1 H-15 N HSQC, which showed conservation of the overall fold. Comparison of R164C mutant and wild-type spectra revealed negligible chemical shift perturbations (CSPs) (Fig. 3C Center). This is not surprising, because this mutation is present on a surface-exposed loop in isolation from most of the structure. However, the C36R and R178C mutations produced more notable CSPs. However, close inspection of the changes indicated that these shifts were localized to residues in close proximity to the mutation site, suggesting that little alteration occurred in the protein fold itself (Fig. 3C Right and Left) . These results demonstrate that the point mutations (C36R, R164C, and R178C) do not perturb the global structural integrity of RyR NTD .
CPVT and ARVD Mutations in Type 2 RyR (RyR2). Sequence identity among the 3 isoforms of RyR is high: 67% overall between human RyR1 and RyR2 and 78% when the N-terminal domains are compared (RyR1 1-210 and RyR2 1-223). In light of this high sequence identity, we used a homology model to build a structural model of the RyR2 N-terminal domain (1-223) using MODELLER 6.2 (13). We excluded 12 residues located in the hypothetical arm domain of RyR2. Interestingly, these residues, which are missing in RyR1, may comprise the second helix (␣3) in the helix-turn-helix motif seen in IP 3 Rsup. Studies have shown that a mutation in RyR2 (R176Q) causes arrhythmogenic right ventricular dysplasia (ARVD2) in humans and ventricular tachycardia and cardiomyopathy in a mouse model of ARVD2 (14) whereas another RyR2 mutation, R169Q, has been implicated in exercise-induced bidirectional ventricular tachycardia (15) . These mutations correspond to the R163C and R156K MHassociated mutations, respectively, in human RyR1, illustrating a conservation of function in this region between RyR1 and RyR2. Mapping of these and other RyR2 mutations onto the homology model of RyR2 revealed a similar clustering to RyR1 mutations (Fig. S4) , supporting the significance of HS-loop mutations in RyR human diseases. Furthermore, sequence analysis indicated that, within the distal N-terminal region, the HS-loop is most conserved among other eukaryotes (Fig. S5 ).
Discussion
The elucidation of the RyR NTD structure demonstrates the conserved structural characteristics of the 2 Ca 2ϩ release channels, RyR and IP 3 R, and suggests a key regulatory role for RyR NTD . The structure of RyR NTD is the second example, after IP 3 Rsup, of an insertion of a long sequence into a ␤-trefoil structure (10). However, intriguing differences do exist between RyR NTD and IP 3 Rsup. In RyR NTD , the arm domain lacks the long ␣3 helix and is significantly shortened relative to IP 3 Rsup. The arm domain in IP 3 Rsup is the site for several proteinprotein interactions of key IP 3 R regulators such as calmodulin (CaM) and CaBP-1 (10) . In RyR1, the binding domain for CaM has been located to residues (3,614-3,643) (16) . Apparently, these 2 Ca 2ϩ release channels developed different modes of CaM interaction, which is not surprising as CaM can bind numerous targets in different ways (17) .
The 3-dimensional clustering of disease-associated mutations within the highly localized distal N-terminal region of RyR1 (i.e., the HS-loop) implies a significant role for the ␤-trefoil domain structure in RyR function. Interestingly, the same structural architecture is found in IP 3 R1 where the function is better understood compared with RyRs. In IP 3 R1, this domain plays an essential role in both the regulation of IP 3 binding affinity and coupling between the N-terminal suppressor and C-terminal channel domains, hence it is referred to as the suppressor/ coupling domain (18, 19 ). An IP 3 R1 mutant lacking the suppressor domain (1-223) displayed high affinity for IP 3 but was unable to exhibit any measurable Ca 2ϩ release, suggesting a mechanism wherein the ligand binding signal is transmitted to the channel domain via the suppressor/coupling domain (20) . Furthermore, evidence for a direct interaction between the N-terminal region (1-340) and the channel domain has been reported (21).
RyRs do not use IP 3 for activation and, therefore, RyR NTD lacks this ligand binding and modulation function. However, several lines of evidence suggest that the coupling function of this domain may be retained. Using the domain peptide (DP) method established by Ikemoto and coworkers (22) , it has been demonstrated that the N-terminal and central regions interact to modulate channel gating. Some of the peptides were capable of increasing the open probability (P 0 ) of single RyR channels (22, 23) and even of inducing Ca 2ϩ release from skinned fibers or rat muscle (24) . Most importantly, a fluorescently labeled Nterminal RyR2 peptide (residues 163-195) was capable of disrupting interdomain interactions within the tetrameric channel and increasing Ca 2ϩ leak and spark frequency in canine ventricular myocytes (25) . This peptide also corresponds to the region that contains the putative HS-loop in the RyR2 homology model. It should be noted that this region, which is highly positively charged (Fig. 2D) , may interact with an acidic stretch of RyR to couple channel activation. Together, these studies strongly argue for the functional importance of the N-terminal segment in RyR channel gating function, possibly through interdomain interactions.
However, our findings do not exclude the possibility of another scenario recently suggested by Serysheva and coworkers (26) . Their elegant cryo-EM and modeling studies have shown that the homology-modeled structures comprising Q12-S207 and G216-T565 can be docked onto the clamp region of RyR1. Interestingly, their docking studies place the HS-loop region on the protein surface where FK506 binding protein (FKBP12) is proposed to bind. The authors hypothesize that the interaction between RyR1 and FKBP12, which is proposed to stabilize RyR1 in the closed state, is perturbed by MH/CCD-associated mutations; thereby altering gating of the RyR1 channel. At the level of resolution provided by EM (Ϸ9.5 Å), the present experimentally determined crystal structure of RyR NTD does not improve further the proposed location and orientation of the homology model of Q12-S207 in the EM density.
The present study provided structural insight into the conformational coupling mechanism of RyR1; (i) RyR1 possesses a ␤-trefoil fold at the N terminus, which is closely related to the suppressor/coupling domain of IP 3 R1, (ii) disease-associated mutations are clustered at the HS-loop between ␤8 and ␤9, and (iii) the highly basic region around the HS-loop may participate in interactions with the central region via electrostatic interactions. The present study provides the atomic-resolution 3-dimensional structure of the RyR1 N-terminal region; further studies are required to delineate a complete picture of the complex machinery of RyR Ca 2ϩ channels.
Materials and Methods
Protein Expression and Purification. Constructs for rRyR1 were subcloned into a pET32a expression vector (Novagen) and expressed with an N-terminal polyHis-tag in BL21 (DE3) E. coli cells at 15°C for Ϸ12 h using 0.2 mM IPTG induction. Triple labeled NMR samples were expressed as described above and uniformly labeled with 13 C, 15 N and Deuterium (Spectra Stable Isotope Group). Protein samples were purified with Ni-NTA resin (Qiagen), followed by thrombin cleavage overnight at 4°C in dialysis tubing. The cleaved protein was further purified by anion exchange and size exclusion chromatography. Amino acid mutations were introduced using the QuikChange site-directed mutagenesis kit (Stratagene). Mutant constructs were expressed and purified as outlined above.
Crystallization and Data Collection. Rabbit RyR1 1-210 (RyR NTD) was concentrated in 20 mM Tris-Cl pH 8.0, 100 mM NaCl, 5 mM DTT, and 1 mM TCEP to a final concentration of 7.5 mg/mL. Initial crystals of RyR NTD were grown by the hanging-drop vapor diffusion method at 298K by combining 1.5 L protein solution with 1.5 L well solution (100 mM MES, 100 mM MgCl 2 , 24% wt/vol PEG 3350, and 5 mM DTT). Crystals grew as clusters of thin plates after 3-4 days. A series of microseedings were required to obtain single plate crystals with dimensions of 0.1 ϫ 0.4 ϫ 0.05 mm 3 . Crystals were transferred to a cryo-protectant solution containing 20% vol/vol glycerol before a native dataset was collected to 2.5 Å at the Advanced Photon Source Synchrotron facility (Argonne, IL). This was done at 100 K on the 19-BM beam line at X-ray wavelength 0.9793. Data processing and reduction were carried out with HKL2000 (27) . Crystals belonged to the space group C2 with cell dimensions a ϭ 140.6 Å, b ϭ 35.3 Å, and c ϭ 78.9 Å with the angle ␤ ϭ 99.4°. Two molecules were present in the asymmetric unit.
Structure Solution and Refinement. A polyalanine model of the IP3Rsup structure, (Protein Data Bank ID code 1XZZ), was used for molecular replacement to obtain phase information using PHASER (28) . Model building was performed with Coot (29) followed by iterative rounds of refinement using simulated annealing and positional refinement in CNS (30) . The final model was validated using PROCHECK (31), with 88.2% in the most favored regions and 11.8% in allowed regions.
NMR Analysis of N-Terminal rRyR1 10 -210 and RyRNTD Mutants. Protein samples for NMR backbone analyses contained 0.6 mM uniformly 15 N/ 13 C/ 2 H-labeled RyR1 10 -210 in 20 mM sodium phosphate, pH 7.0, 300 mM NaCl, 5 mM DTT, 2 mM TECP, and 10% (vol/vol) D 2O. 15 N-labeled RyRNTD mutants were concentrated as described above. Experiments were carried out at 288 K on an 800 MHz Bruker spectrometer equipped with a cryogenically cooled triple resonance probe. A 15 N transverse relaxation-optimized spectroscopy heteronuclear single-quantum coherence (TROSY-HSQC) experiment was performed on the triple labeled sample. Sequential backbone assignments were carried out next using the following suite of TROSY-based 3-dimensional experiments: HNCO, HNCA, HN(CO)CA, HN(COCA)CB, and HNCACB. The 2-and 3-dimensional spectra were processed, and resonance assignments were made using NMRPipe (32) and XEASY (33), respectively.
Experiments on RyR NTD mutants were carried out at 288 K on a 600 MHz Bruker spectrometer equipped with a cryogenic, triple resonance probe. TROSY-HSQC spectra were processed as above and visualized using NMRView (34) .
Optical Spectroscopy. Far-UV circular dichroism (CD) spectra were recorded on a J-815 CD Spectrometer (Jasco). Data were collected in 1-nm increments using a 0.1-cm-path length (l) cell, 10-s averaging time, and 1-nm bandwidth. Spectra were corrected for buffer contributions. Fluorescence measurements were made on a RF-5301PC fluorimeter (Shimadzu), and data were collected in 1 mL (l ϭ 1 cm) cuvettes using excitation and emission slit widths of 3 and 10 nm, respectively.
